Abstract: Laboratory and radiographic tests are often ordered unnecessarily. This excess testing has financial costs and is a burden on patients. We performed a systematic review to determine the effectiveness interventions to reduce test utilization by physicians. The MEDLINE and EMBASE databases were searched for the years 1946 through to September 2013 for English articles that had themes of test utilization and cost containment or optimization. Bibliographies of included papers were scanned to identify other potentially relevant studies. Our search resulted in 3236 articles of which 109 met the inclusion criteria of having an intervention aimed at reducing test utilization with results that could be expressed as a percent reduction in test use relative to the comparator. Each intervention was categorized into one or more non-exclusive category of education, audit and feedback, system based, or incentive or penalty. A rating of study quality was also performed. The percent reductions in test use ranged from a 99.7% reduction to a 27.7% increase in test use. Each category of intervention was effective in reducing test utilization. Heterogeneity between interventions, poor study quality, and limited time horizons makes generalizations difficult and calls into question the validity of results. Very few studies measure any patient safety or quality of care outcomes affected by reduced test use. There are numerous studies that use low investment strategies to reduce test utilization with one time changes in the ordering system. These low investment strategies are the most promising for achievable and durable reductions in inappropriate test use.
Introduction
Healthcare spending in has increased in both relative and absolute terms over the past several decades [1, 2] . This increase has been seen in many countries and will be unsustainable if the trend continues at the present rate [3] . Laboratory and radiographic testing is a promising target for reducing spending because many of the tests ordered by physicians are suspected to be unnecessary; in some studies, 95% of tests performed are inappropriate as judged by criteria of redundancy or their probability of adding value to patient care [4] .
The perceived prevalence of inappropriate laboratory utilization has prompted many attempts to reduce test utilization. Several systematic and narrative reviews have been published on this topic [5] [6] [7] [8] . The most recent review, published in 1998, used a behavioral framework to classify interventions and found that targeting multiple behavioral factors was more successful than targeting a single factor [8] . However, this review only dichotomized study outcomes by statistical significance, making it difficult to understand the utility of these interventions. Other reviews used categories of education, audit and feedback or other but were unable to make generalizations about which strategy is most effective because of differences within each category of intervention, a wide range of effects, and lack of a common measure [5, 6] . To date, no review has quantitatively compared the influence of various interventions on test utilization reduction. In addition, previous reviews have not examined investments required to implement these interventions. For these reasons, we performed a systematic review to determine the effectiveness of all interventions to reduce test utilization by physicians.
Methods

Data sources and searches
We performed a systematic review following a predetermined protocol in accordance with published guidelines for reporting of systematic reviews of randomized controlled trials [9] . We identified all potentially relevant articles published in English by searching Medline (1946 through September 2013) and Embase (1947 through September 2013). Searches were enhanced by systematically scanning bibliographies of identified articles and relevant review articles as well as articles deemed by PubMed to be related to the included studies. To search electronic databases, we used the strategy recommended for systematic reviews of interventional studies [10] and specified two comprehensive search themes (Online-Appendix 1). Theme 1 identified relevant terms related to laboratory utilization. Theme 2 related to optimization and cost containment. We then combined the two datasets using the Boolean operator 'and' and limited the intersection to human studies.
Study selection
Relevant articles were selected from the retrieved studies using a two-phase process. Abstracts were first reviewed for eligibility by three researchers (DK, PR, JM). All abstracts reporting on the effect of an intervention on laboratory utilization were selected for full text review. This initial stage was intentionally liberal; we discarded only abstracts that clearly were not reporting inventions aimed at reducing test utilization. Full text articles were then assessed by one reviewer (DK) with verification by two reviewers (PR, JM) to determine if the study met the specified inclusion criteria. Inclusion criteria included: 1) study population had to include physicians; 2) the aim of the intervention was the modification of test utilization; 3) a comparator arm (either standard care or no intervention) was needed; and 4) the study had to quantify laboratory test utilization with and without the intervention so that a percent change could be calculated. All study designs were considered within this review.
Intervention classification
Interventions used to effect physician laboratory ordering practices were categorized into one or more of the following non-exclusive categories: 1. Educational interventions in which appropriate test ordering (including the distribution of guidelines) was taught to physicians; 2. Audit and feedback interventions in which physicians were presented their test utilization compared to their previous utilization or peer utilization or the total costs of the tests they ordered; 3. System-based interventions involving one-time, permanent changes to test ordering processes including: order form modifications; computer order entry systems with rules disallowing test ordering in specific circumstances; and clinical decision support systems (CDSS) in which an interactive computer system forces physicians to integrate previous knowledge about the patient and/or the medical literature into the test ordering process; and 4. Incentive or penalty interventions in which physicians received rewards or punishments for certain test ordering practices. For each intervention, we also determined whether the targeted physicians were actively engaged during the intervention's development [8] .
Data extraction and quality assessment
For each study, we extracted information on publication year, country of origin, study design (randomized two-arm trials, before and after studies, prospective cohort), the healthcare providers targeted and the tests targeted for reduction. We recorded characteristics of the study intervention(s) along with its duration. We assessed study quality using an adapted version of the Effective Practice and Organization of Care (EPOC) Cochrane guidelines for interventional studies [11] . In particular, we assessed whether: patients and providers were similar across intervention and comparator groups; a randomized control group was used within the study, there was sufficient detail to describe the intervention, there was risk of contamination between the intervention and comparator groups, and whether a time-series analysis was performed. Lastly, we assessed whether studies measured any patient safety outcome that could be affected by reducing test utilization.
Statistical analysis
The unit of analysis was the intervention, with some studies having more than one intervention. The effectiveness of interventions was summarized using the percent relative reduction in test volume for the intervention group relative to the comparator group. This was calculated as: − (# of tests in comparator group) (# of tests in intervention group) (# of tests in comparator group) Given the variability in the types of interventions, duration of interventions, targeted tests, and patient populations, we did not conduct a meta-analysis. Instead, a descriptive analysis of the relative reductions was performed using medians and inter-quartile ranges (IQR) to summarize effects across the various intervention types. We also documented when these reductions in a particular study were statistically significant. Results were stratified by categories of interventions (educational, system based, audit/feedback and incentive and penalty) and were visualized using box plots. Stratifications were then conducted by additional interventional factors within each category and by measures of study quality and statistical significance. The effect of physician involvement was also measured across interventions. Finally sensitivity analyses were conducted to assess the effect of interventions that targeted four or more tests.
In order to highlight the interventions with the best return on investment we included a narrative review of interventions with the largest reductions in test utilization as well as the most effective system-based interventions targeting four or more tests. All analyses were performed using Stata version 13.0 (Stata Corp., College Station, TX, USA).
Results
Our search generated 3236 unique citations. Following the initial screening and full-text review, 109 unique studies that included 119 interventions were included in the systematic review (Figure 1 ) . Study characteristics and brief descriptions of each intervention are shown in Table 1 . Ninety-three studies (85.3%) used before-after designs, 2 (1.8%) were non-randomized prospective trials, and 14 (12.8%) were randomized controlled trials. Studies were published between 1974 and 2013 with 61 studies (56.0%) performed in North America, 27 (24.8%) in Europe, 11 (10.1%) Australasia, and 10 (9.2%) in other regions. Studies used very limited time horizons with only 15 of 109 studies (13.8%) measuring intervention effects beyond 1 year.
Study quality
Study quality is summarized in Online-Appendix 2. Of the 109 studies, 14 (12.8%) had a randomized design and 37 (33.9%) provided evidence that patients were similar between groups. Time-series analysis was performed in only 11 (10.1%) studies. Interventions were described adequately to be reproducible in 88 (80.7%) studies. Test utilization was reported with the patient or the encounter as the unit of analysis in 79/109 (72.5%) studies with the rest using the physician or the group of physicians working that location as the unit of analysis.
Intervention components
Of 119 interventions, 51 (42.9%) had an educational component, 54 (45.4%) had a system-based component, 41 (34.5%) had an audit feedback component, with only one (0.8%) using incentive or penalty. Physicians were involved in the development of interventions in only 17 (14.3%) interventions. Thirty-two (26.9%) interventions were multifaceted, being classified into more than one of the four main intervention categories. A measure of patient safety or quality of care was included in 13 (11.9%) studies.
Intervention effects
The percent relative reductions in laboratory utilization ranged from a +99.7% (a reduction in the test volumes) to -27.7% (an increase in test volume). Finally, we found important differences in the relative reductions across quality indicators (Table 3 ). Most notably, the effect of interventions was less if a study reported a reduction in test utilization per patient rather than reduction per institution or physician group and studies with a concurrent control group had smaller reductions. Unexpectedly there were larger relative reductions in studies that had a risk of contamination between the experimental and control groups.
Interventions with the largest effects
We found extensive heterogeneity in the components that made up each intervention, how interventions were implemented, the study setting, and the tests that were targeted for reduction. Meaningful generalizations across intervention types is therefore difficult; so the interventions with the largest relative reductions in test volume are described here ( [38] . The most successful interventions targeting four or more tests that were purely system based were the study by Chu et al, discussed above, and a study by Neilson et al. Neilson et al. sequentially implemented a number of system-based interventions using a computerized order entry system including: the display of previous laboratory results to physicians ordering tests; the prevention of recurring orders in various circumstances; and the unbundling of tests so that each component had to be ordered individually [82] . This package of interventions resulted in a 64.2% relative reduction in the tests targeted.
Discussion
We summarized 109 studies evaluating the effect of interventions aimed at reducing test utilization by calculating relative reductions to compare interventions. We found that all intervention categories (including education, system based, audit feedback, and incentive penalty) can reduce test utilization. Even though educational interventions had the largest relative reduction in test utilization, the inter-quartile ranges were large and overlapping. The greatest difference in our stratified analysis was between interventions that targeted less than four tests, which had much larger relative reductions than interventions that targeted four or more tests. Consistent with past reviews, we found that interventions using multiple strategies were more effective [8] . Even though all intervention types seem to be effective, we found a large range of effects and much heterogeneity between studies. Many studies did not use appropriate statistical techniques and follow-up was often short. These shortcomings call into question the sustainability and generalizability of many interventions in our review.
Sustainability
Although interventions with an educational component had the greatest median relative reductions, their longterm sustainability is questionable. The resources needed to perpetuate educational strategies (i.e., lectures or individual teaching sessions) are significant and probably need to be continuous to maintain an effect, especially in teaching hospitals where ordering physicians are constantly changing. Even in studies where the educational strategy was low effort (i.e., the distribution of a guideline), multiple reminders and repeated meetings were necessary to maintain the change in behavior [89, 97, 106, 111] . There was only one purely educational intervention that reported results from > 1 year after the intervention began but this study did not use time series analysis to determine if utilization returned to baseline during this time [70] . With all but one purely educational interventions having a time horizon of < 1 year there is no evidence in our review that educational strategies have long-term sustainability. In contrast there are several examples of system-based interventions which by definition require few resources to maintain, that are shown to maintain their effect for > 1 year [14, 47, 53] . The ratio of resource input to test reduction is not measured in the included studies but is an important consideration when deciding to implement a particular intervention.
Generalizability
Many of the interventions have questionable generalizability. There is a wide range of relative reductions among included studies due to heterogeneity at every level. There are differences in how an invention type is implemented, who is target by the intervention, and the pre-existing ordering practices among the targeted physicians. Due to the heterogeneity, similar results cannot be expected even if an intervention is perfectly replicated. Some of the large reductions ( > 70%) suggest that anomalous ordering is being targeted which further calls into question the generalizability of results. Lastly many of the studies target physicians in training who would likely respond differently than physicians in independent practice.
Quality
The quality of included studies was poor. As expected studies with lower quality had higher relative reductions suggesting that poor quality studies were over estimating the effects of interventions. Surprisingly, very few of the before and after studies used time-series analysis or autocorrelation to analyze results, bringing into question the validity of results.
Limitations
This review has several limitations. Our search strategy used only studies published in English ignoring potentially important studies published in other languages and only searched two databases. Another limitation is that the heterogeneity between interventions makes generalizations about effective strategies difficult. Despite this weakness the relative reduction does tell us which interventions were associated with the largest reductions. This allows these successes to be examined to see if they are applicable to other settings. This review is broad in scope and therefore does not allow detailed examination of particular intervention types to find the elements that lead to success. Reviews of particular types of interventions have been done and explore these factors closely [122] [123] [124] . Lastly, our use of relative reductions leaves out absolute reduction and cost savings information that may be important to decision makers.
Conclusions
Our review found that research into interventions to reduce test utilization is ongoing and many strategies can be successful. There are many examples of low investment interventions that work, especially when they target tests that have a high rate of inappropriate use. Due to questionable validity and generalizability of these results, this review should be used as a reference for finding high quality studies with large relative reductions that apply to a setting of interest. Future research needs to determine how low input strategies using computerized order entry can be used to implement system changes, audit and feedback, and education. Database monitoring should be developed so that institutions know when anomalous test use is occurring and which physicians are deviating from the mean. This will allow for targeting of interventions to where they will have the greatest effect. Lastly, further studies in this field must monitor for adverse events caused by reduced testing.
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